Water is crucial to all life forms on earth. Still, millions of people are suffering because of lack of fresh water. One of the most important reasons is industrial pollution. That is why more effective and economical water treatment systems must be developed and studied worldwide. In this study, a new design of continuous electrocoagulation systems is introduced and compared with widely studied batch process systems. This novel design improves the controllability of water flow and electricity. In the treatment of paint industry wash water, a batch system and a novel continuous electrocoagulation system with an aluminum (Al) anode and an iron (Fe) cathode were used. Two parallel analyses of both processes were conducted, and the average efficiency of chemical oxygen demand and Al removal were 68% and 79.8% in batch and 69.7% and 62.1% in the continuous system, respectively. The number of microbes decreased by 99.6% in the batch and by 99.8% in the continuous system. The calculated operational costs in this experiment were 1.63 €/m 3 for the batch and 1.19 €/m 3 for the continuous system. The novel continuous electrocoagulation process was as efficient as the batch process in this study.
Introduction
Water is the most important and vital matter for all life on earth. Access to fresh water is crucial to human life. About 96.5% of all water in the earth is in oceans and only a minority is fresh water. About half of this fresh water is in ice caps, glaciers and permanent snow, which are melting rap idly [1] [2] [3] [4] . In 2010 United Nation (UN) has stated that water and sanitary are universal human rights [5] . Unfortunately these rights have not been fulfilled. Dealing with water pollution and scarcity has become one of the biggest chal lenges in the world due to the significant increase in the human population, urbanization, industrialization, etc. [5] .
Electrocoagulation is a water treatment system that has been investigated widely over the past few decades.
Electrolysis was invented in late 19th century [6] , and Francis Edward Elmore is said to have invented electrocoagulation as a water treatment system [7, 8] . The first such plants, which used Fe electrodes and seawater as a chlorine source, were built in 1889 in London and Salford, England. The first elec trolysis plants in the U.S. were built in 1911 in Santa Monica, California and Oklahoma City, Oklahoma [6] . There have been several different electrocoagulation systems invented since early 20th century [9] [10] [11] .
There are two main types of electrocoagulation treat ment: continuous and batch. In the literature many different kinds of systems for both of these processes can be found [9] [10] [11] [12] . Some earlier continuous processes are modifications of batch processes such as those that Makesh et al. [13, 14] used. There is a need to improve the controllability of these processes. In this study, a novel continuous electrocoagu lation system (NCEC) is introduced with advanced electricity and flow control. This NCEC system is compared to a batch process system that was used in our earlier studies [15, 16] . In addition, operational costs has been calculated for both processes.
Electrocoagulation methods
Electrocoagulation (EC) has been used since 19th cen tury, and it is known as an environmentally friendly tech nology. The electrocoagulation process is a combination of coagulation, oxidation and flotation, and gives electricity an important role in water treatment [9] . Electrocoagulation studies have been done in many different fields such as the agriculture and food industry [17] [18] [19] , nutrient removal [20] [21] [22] , microbial, bacterial or pharmaceutical removal [23] [24] [25] , metal removal [26] [27] [28] and other industrial water treatments [29, 30] .
There are three main types of electrocoagulation system in terms of electrode arrangements, and typically direct current (DC) is used in such systems [31] [32] [33] . These elec trode arrangements are parallel monopolar electrodes con nections (MPP), series monopolar electrodes connections (MPS) and series bipolar electrodes connection (BPS) [32] [33] [34] [35] . Fig. 1 presents the differences between MPP, MPS and BPS connections.
In the MPP system, the current is divided between elec trodes. In the MPS system, each sacrificial electrode is inter nally connected to each other. In BPS, only outer electrodes are connected to the power supply, and only inner electrodes are bipolar, whereas outer electrodes are monopolar [32] [33] [34] .
Continuous electrocoagulation
Typically, continuous electrocoagulation system uses one of two possible types of channels: single or multiple channels. In a single channel solution, movement occurs between various numbers of electrode pairs only once. In a multiple channel system, channels work simultaneously, and water flows through one electrode cap [12] . Fig. 2 presents the difference of these two channel flows. On the left side water is going through multiple similar channels and on right side through the single channel.
Novel continuous electrocoagulation system
The idea of the NCEC system is simple. Water is forced to go between the anode and cathode at a velocity that can be easily adjusted, and there can be numerous pairs of electrodes in a series, but not connected. The gap between electrode pairs is so wide that electricity does not go between two separate electrode pairs. These electrode pairs are perpendicular to the water flow. The first plate is above the water level and blocks the water from spilling over the plate. There is an opening in the bottom of the first plate through which water is forced to go into the active area of the electrodes. The height of the inlet of water can be placed anywhere between the bottom of the housing to the height of the lower electrode. Fig. 3 presents the basic idea of water flow, and Fig. 4 presents topdown view of the system.
The number of electrode pairs is not limited in the NCEC. The power source feeds electricity to electrode pairs. There can be one power source for all electrode pairs or one power source for each electrode pair, which allows a better feed of current to the electrode pairs and to the treated water, or something between these two. The NCEC used in this study had MPP electrode connections when only one power source was used. Multiple power sources allow for a multiple MPP system. When the user can adjust the current freely, this enables sending different currents to each electrode pair. Several different electrode materials can be used in this NCEC simultaneously, which is not possible in many other continuous or batch process systems. The flow system in NCEC is a single channel flow with multipleelectrode pairs. Between the electrode pairs, sludge forms on the top of the water, or in some cases on the bottom of the container.
Different continuous EC systems
Mahesh et al. [13] define a continuous electrocoagulation system in their study. This system operates with principles of batch processes, and it uses a MPP electricity feed. In this system, water is stirred with a magnetic stirrer. This system is presented as a batch system by Mahesh et al. [14] in their previous studies. The main differences between this con tinuous system and the introduced NCEC is that this system's water is collected with sludge in a separate tank, while in the NCEC system, treated water and sludge are removed using separate outlets, which lowers the contamination risk of treated water. Kobya et al. [37] introduce continuous sys tem similar to Mahesh et al.'s [14] batch design. The inlet is on the bottom of the system, and the sludge in this system is separated from treated water (Fig. 5 ). The main difference between this and the NCEC is that water can flow freely into a reactor in this system, while in the NCEC, the treated solution is forced to pass electrodes at a desired velocity.
Kim et al. [38] presented their system of continuous elec trocoagulation in Fig. 6 . In this system, the gaps between electrode pairs are the same as those between anode and cathode. This is different from the NCEC, which leaves space between each electrode pair so water can settle and formed sludge can be collected before the next electrode pair. The treated solution is always cleaner than it was in the previous electrode pair, and the treatment process can be more efficient.
Patent WO2007050041 [39] describes an invention in which water is treated by electrocoagulation and electro catalytic principles. The purpose of the two different cells is to treat different substances. This system has round electrode plates and it has holes near its peripheral edge through which water can flow. This system has two to four "wings" that move water towards the edges. The main difference to the NCEC is that electrocoagulation in the NCEC is active only in the gap between anode and cathode electrodes.
Patent WO2015187511 [40] discloses an electrocoagu lation chamber that has vertical electrode plates and is partly pressurized. The water is fed into the chamber from inlet "30" below. The water is then directed up between the electrode plates in a normal atmosphere. After the electro coagulation, the water flows upwards and falls over the edge into an interwall volume. Typically, the electrocoag ulation sludge/foam rises to the surface of the water, and in this patent, this foam contains extra liquid that flows over the edge to the cylindrical interwall volume and exits the housing through a chute. The main difference to the NCEC is that this system has a pressurized part, which increases the energy consumption. The NCEC system has not any pressurized part.
Patent 4217/89 (HUT63119) [41] discloses an electroflo tation cell for treating wastewater. The reaction space com prises vertical platetype anodes and cathodes arranged in parallel and connected to a direct current source. The neg ative and positive plates are placed alternately. The lower ends of the electrode plates are provided with a plurality of holes. The wastewater swirls down and up within each of the intermediate gaps between the plates. The excess foam flows up onto the top of the liquid surface and goes out of the electroflotation chamber along a tilted route into a foam container. The foam and the liquid seem to exit the device from the same outlet. The main difference to the NCEC is that this system has angled electrodes and parallel anodes.
Several other kinds of continuous electrocoagulation sys tems are commonly used to treat or disinfect water. The main problem of many of continuous electrocoagula tion systems is that many of those are modifications from batch system principles and are not directly designed to continuous treatment.
Batch electrocoagulation
Batch electrocoagulation processes, which are used at the laboratory scale and in scientific research, involve a con tainer or reactor, a power source, electrodes and a stirrer. In most cases, water is stirred with a magnetic stirrer or over head stirrer. The main idea of almost every batch system is to treat water with hanging electrodes. The number of elec trode pairs differs between processes [12, 17, 18] . The main differences in batch processes are in the size, the cap between electrodes as well as materials of the electrode pairs.
There are two basic systems of batch processes: mul tipleelectrode and singleelectrode pair systems ( Fig. 7) . With multipleelectrode pairs, the electricity feed system can be MPP, MPS or BPS [32] [33] [34] [35] . Single pair always uses an MPP electricity feed system.
Methods and materials

Laboratory scale novel continuous process electrocoagulation equipment
The main idea of continuous electrocoagulation systems is similar to that of the system described in the bending patent, FI20165317 [36] , in which the first author is the main inventor. Figs. 3 and 4 present schematic pictures of the system. All the equipment needed for continuous electro coa gulation were planned and built for this study. This continuous electrocoagulation included the following parts: 10L glass tank as a reservoir for paint industry wastewater, 3Dprinted container (length 500 mm × wide 110 mm × height 120 mm and total volume of 4,075 cm 3 ) using black acrylo nitrile butadiene styrene (ABS) 3D filament and container was painted outside and inside with black paint (Biltema, art. 367408) to cover possible holes from 3D printing pro cess. The container was used several times before these tests, and no paint residue was found.
Electricity was applied with one power supply EAPS 301640 B (16 V/40 A) and power was applied to all four electrode pairs in paint industry wash water treatment. In the NCEC system, the electrode pairs were Al-Fe electrodes in which Al was the anode and Fe was the cathode. The fifth pair was not connected to power source and it acted as spacer. The electrode cap was 5 mm in all electrode pairs. The synthetic wastewater was pumped into the electrocoag ulation container using a Watson Marlow's 120 S/DV Pump with the flow of 8 L/h. The diameter of the rubber feedline was 8 mm, with a wall thickness of 1.5 mm. Two types of electrodes were used in the continuous process ( Fig. 8) . Unless otherwise stated, all measures are in millimeters. Only one side of a continuous process electrode was cal culated as the effective area of the electrode because there was no evidence of any sacrifice in the outside of an anode electrode. The total area of effect was 307.2 cm 3 . The total current was set to 10 A. The first and second electrode pairs had currents of 3 A, while the third and fourth electrode pairs had currents of 2.5 A. All the cleaning procedures are described in Kuokkanen et al. [15] .
Laboratory-scale batch process electrocoagulation equipment
A singlepair electrocoagulation system was used in this study. The system is described in more detail in earlier studies [15, 16] . The laboratoryscale batch process electro coagulation equipment is similar to the system described in Kuokkanen et al. [15] , and the total volume of the wastewater was 1.8 L. This system includes all the same components [38, 15] . Multi pleelectrode pairs can use MPP, MPS or BPS electricity feed systems. Singlepair always uses an MPP electricity feed system. except the power supply, which was EAPS 306505 B. This power source could be adjusted; current from 0 to 5 A and voltage from 0 to 65 V. The size of the electrodes was 50 mm × 50 mm × 10 mm, with a total area of effect of 70 cm 2 and the current set to 1 A. The electrode cap between electrodes was set to 5 mm. All the cleaning procedures were the same as these described in Kuokkanen et al. [15] .
Authentic paint industry wash water
In this study, the paint industry wash water was treated with the NCEC and the batch systems. The efficiency of the purification process was studied using three parame ters: chemical oxygen demand, Al content of wash water and the number of viable microbial cells. These parameters are crucial when evaluating the potential to reuse wash water in paint industry processes. In nontreated wash water, these values were 8,750 mg/L, 94 mg/L and 3.977 mil lion CFU/mL, respectively. The pH of the wash water was 6.6; conductivity was 445 μS/cm; and the color was white.
The paint industry wash water sample used in this study was collected from a storage tank into clean plastic canis ter. The wash water from cleaning the paint manufactur ing vessels and other equipment is collected into this tank. Altogether approximately 40-50 m 3 of water is running through this storage tank in a week. The tank is equipped with a stirrer and BTEX sniffer. If any BTEX is detected, the water is aerated. From this tank, the wash water is directed to the treatment and after to municipal wastewater treatment.
Analytical methods
Water samples for analysis were collected during the batch process every 5 min and at the end of process after 2 min of resting time. During the continuous process, sam ples were collected in every different area that the equip ment possesses, for a total of five samples/test. The chemical oxygen demand and Al were measured according to the ISO 15705:2002 and ISO 155872:2002 standards, respectively. Because the COD values were higher than 1,000 mg/L, pre dilution was used. Removal efficiency percentage (RE) of COD and Al from those samples were determined using Eq. (1):
where C 0 and C are initial and final absorbance of COD or Al before and after electrocoagulation [10] . The current density (i) is calculated using Eq. (2) [10] :
where I = current (A); A eff = effective area of electrodes (m 2 ).
The number of viable microbial cells was determined by culturing 10fold dilutions (ster 0.9% NaCl solution) of water samples on Tryptic Soy Agar (TSA, Merck 105458, Darmstadt, Germany) plates in duplicates. The plates were incubated in 28°C for 4 d, and the number of colonyforming units per mL of water (CFU/mL) was calculated from the weighted aver age of parallel plates, taking the dilution factor into account.
Operational costs of EC
The operational costs (OC) (kWh/m 3 ) of processes were calculated after the tests [11, 34] . Total operational costs in this experiment included the following variables: electri cal energy consumption (EEC) (kWh/m 3 ), mass of anodic material dissolved (EMC) (kg/m 3 ), industrial energy price (a) (€/kWh), price of electrode material (b) (€/kg), current in process (I) (A), voltage of process (U) (V), time used (t) (min) and volume of treated water (V) (m 3 ). In this paper, the following equations were used:
(4)
The following parameters were used in this study: an industrial energy price of 0.09 €/kWh (average in November 2018 in Finland, including energy price, distribution price and taxes) and an estimated price of aluminum of 1.755 €/kg. The time, volume, current and voltage were 30 min, 1.8 L, 59.5 V and 1 A, respectively, in the batch process and 60 min, 8 L, 20.2 V and 5 A, respectively, in the continuous process.
Eqs. (3) and (4) are suitable for the NCEC process because all variables in these equations are available in that case. In the continuous process, total EEC is calculated from all electrode pairs, dissolved anode mass is measured from all four anodes and volume and time are determined from the water flow used during the experiment.
Results and discussion
The calculated current density was 142 A/m 2 for the batch process and 144 A/m 2 for the continuous process. The pH value did not significantly change during the electro coagulation process (from 6.6 to 7.15 in the batch process and from 6.6 to 7.0 in the continuous process). It is notable that the systems were not optimized in any way. Authentic paint industry wash water was not pretreated before the continuous and batch electrocoagulation processes to find out how these processes are suitable to be the only water treatment method to this water. 
Removal of COD
The COD removal percentage was one of the main characteristics in this study evaluating the suitability of the electrocoagulation process for treating authentic paint industry wash water. Fig. 9 presents the COD removal as a function of time (in the batch process) and as a function of chambers (in the continuous process). Total COD removal was 69.7% in the continuous process and 68.0% in the batch process. These results indicate that both processes were efficient enough at reducing COD for wash water reuse in manufacturing process. Fig. 9 shows that the reduction in the COD value of the wash water after first electrode pair in the continuous process was greater than that of the batch process after 15 min. In the batch process, only a small increase in the removal efficiency was measured after 25 min. In the continuous process, removal effect increased until the final step.
Zodi et al. [29] studied COD removal in a continuous reactor. They reached 48%-52% COD removal with current density of 100 A/m 2 and 69%-76% with current density of 200 A/m 2 . In this study, the current density was 144 A/m 2 for the continuous process and the COD removal of 70% was reached. The lower current density is comparative with lower energy consumption. Better COD removal obtained in our study indicates that the current feed to the system is more efficient than in the experiments presented by Zodi et al. [29] .
Removal of Al from wash water
The efficiency of Al removal from wash water was stud ied to compare the batch and continuous electrocoagulation processes. Fig. 10 presents the Al removal as a function of time (in the batch process) and as a function of chambers (in the continuous process). The removal of aluminum was 62.1% in the continuous process and 79.8% in the batch process. These results indicate that both processes are suit able for aluminum removal. The removal percentage did not increase significantly after 25 min in the batch process. However, during the continuous process, the removal per centage increased until the final step. The aluminum removal in batch process was higher comparing with the continuous process because of differences in equipment geometry and lower mass transfer.
Disinfection effect of EC treatment
The wash water samples were cultivated to determine the number of viable microbial cells before, during and after the electrocoagulation processes. The results (Fig. 10) show [61] that electrocoagulation decreased the number of viable microbial cells in the continuous process by 99.8% and in the batch process by 99.6%. In both processes, the number of microbial cells decreased. Fig. 11 presents the number of viable microbial cells as a function of time (in the batch process) and as a function of chambers (in the continu ous process). No significant additional reduction of viable microbes was seen after 25 min of treatment in batch pro cess. (from 3.1 × 10 4 to 3 × 10 4 CFU/mL). In the continuous process, the reduction rate stayed stable until the final step. The reduction efficiency of viable microbial cells reached in previous studies [42] [43] [44] is in line with the results obtained in this study. The reduction of viable microbial cells in the study by Ghernaout et al. [42] and Hakizimana et al. [43] was almost 100% as in this study (99.6% in batch and 99.8% in continuous process). In ElMasry et al. [44] had reduction of microbial cells 10 4 which is in line with this study. The comparison of studies presented in literature is challenging because of the initial difference of microbial cells in different studies.
Process economy
The operational costs of the electrocoagulation system mainly consist of the cost of electricity used. The cost of dis solved metal depends on the material used, but its value is not significant in electrocoagulation. Reported cost estima tions from the operation of electrocoagulation systems are compiled in Table 1 . However, the costs of different systems are not directly proportional with each other since electrode materials, effluents and other chemicals and the system vary. There are far fewer studies about the operational costs of continuous electrocoagulation systems than about those of batch systems.
Based on the average current and voltage, the usage of electricity per m 3 of treated water was 16.53 kWh/m 3 in the batch process and 12.53 kWh/m 3 in the continuous pro cess. The electrode material consumption in the batch and continuous processes was 0.083 and 0.033 kg/m 3 , respectively.
Based on the calculations, the operational costs were 1.63 €/m 3 for the batch process and 1.19 €/m 3 for the con tinuous process. As shown in Table 1 , the total operational costs of continuous electrocoagulation systems are reported to vary between 0.26 and 20 €/m 3 . The operational costs of the system used in this study are in the lower part of the variation, but these costs depend on many different factors, as stated in Eq. (3), and cannot be compared directly with those of other systems introduced in Table 1 .
Conclusions
Many studies have been reported on both continuous and batch electrocoagulation systems. In this paper, we introduced a NCEC system, which is compared with a batch system. The aim of this study was to compare the efficiency of NCEC and batch process electrocoagulation equipment in the treatment of paint industry wash water. Comparisons of these two systems were made based on four parameters: COD content, aluminum content, number of viable microbial cells and operating costs. Both systems efficiently decreased COD and aluminum content, as well as the number of viable microbial cells.
The COD removal was slightly higher in the continuous process compared with the batch process and the results were inline with previously reported studies reduces with a lower current density which makes NCEC system more efficient than system used in the study of Zodi et al. [29] . Aluminum removal in the batch process was much higher than in the continuous process due to differences in equipment geometry and lower mass transfer. Although a significant reduction of viable microbial cells was detected in the wash water after the electrocoagulation process (99.6% in the batch process and 99.8% in the continuous process), the reason for the reduction remains unclear. The microbes attached to solid particles most probably outnum ber the planktonic microbes present in the water, and thus the coagulation of solid materials reduces the number of microbes naturally which has been shown in earlier studies. The calculated operational costs were about 37% higher in the batch process than in the continuous process. Overall, the NCEC process was efficient in reducing COD, aluminum and number of viable microbial cells, and its economic effi ciency was much higher than that of the conventional batch process.
